Introduction
During the last two years considerable progress has been made in the development o f chiral sta tionary phases for enantioselective capillary GC. The chiral phases that were investigated, were based on suitably derivatized cyclodextrins (CDs) and the columns were coated with either a solution of the cyclodextrin derivative in a moderately po lar polysiloxane, e.g. OV 1701 [1] or the cyclodex trin derivative itself [2] . A t present, the question as to whether chiral recognition in cyclodextrin based phases is due to form ation o f inclusion complexes or to mere surface interaction has not been re solved. Results presented by Arm strong et al. [3] substantiate the idea o f host-guest interaction as he found the same elution order and virtually identical «-values for various chiral compounds on both an O -(S)-2-hydroxypropyl derivatized-ß-CD column and an analogous O -( R ) -2-hydroxypropyl derivatized-/?-CD column. How ever, investigations by König et al. [4] indicated that the nature of the substituent on the hydroxyl group in position 3, which is situated at the wider rim of the cyclodextrin torus ( Fig. 1) , influences the enantioselectivity of cyclodextrin based chiral phases.
The school of thought opposed to the idea o f the formation of inclusion complexes being responsi ble for chiral separation, object that the cavity of derivatized cyclodextrins is too small to be entered by guest molecules [5] . However, these suggestions which are partially based on molecular modelling probably make use of the molecular dimensions of the parent cyclodextrins and not of the derivatized compounds.
In this paper we wish to present the conform a tional analyses of heptakis(2,6-di-0 -propyl)-/?-cyclodextrin (2,6DPr/?CD), heptakis(2,3,6-tri-0-propyl)-/?-cyclodextrin (TPr/?CD), heptakis-(2,3,6-tri-0-pentyl)-/?-cyclodextrin (TPbCD), and heptakis(3-0-benzyl-2,6-di-0-pentyl)-/?-cyclodextrin (3Bn2,6DP/?CD) (Fig. 2) , respectively, and to dis cuss the information obtained by these investiga tions which may lead to a better understanding of the mechanism of chiral recognition in derivatized cyclodextrins. 
Results and Discussion

Syntheses
In initial experiments in which the pentylation of ßC D was attem pted according to a method described in the literature [6] , deep yellow by-products were formed. Although these prod ucts were not subjected to a detailed study, the form ation o f inhomogeneously substituted ßCDs, mainly 3-0-pentylheptakis(2,6-di-0-pentyl)-ß-cyclodextrin, are apparently favoured. Using various solvent mixtures, it was found that dry dioxane and dry DM SO in a ratio of 1:1 (v/v) produced the best results. Even after 12 h at 50 °C the crude product was still almost colourless and contained less than 10% of the above-mentioned inhomogenously substituted cyclodextrin deriva tive. Recrystallization of the crude material from m ethanol yielded white waxy crystals, the purity of which could be established by elemental analysis and N M R spectroscopy [7] , In contrast to a re cently published statem ent [8] these results dem on strate that it is possible to prepare pure and uni form 2,6 DPßCD.
Using a solvent m ixture also increased the yield of TPßCD from 47% [9] to 61%. Here, a mixture of dry dioxane and dry T H F (1:3, v/v) provided optimal conditions, allowing a reaction tem pera ture of 85 °C instead o f 66 °C (b.p. of THF). To remove traces o f uncompletely pentylated educt the crude product was filtered over a short silica gel column using «-hexane//er/-butyl methyl ether (4:1, v/v) as solvent.
Benzylation o f 2,6 DPßCD was carried out in a similar m anner. According to thin layer chrom a tography (TLC), the crude product seemed to be almost pure, but N M R spectroscopy showed that it contained the impurity dibenzyl ether, in a molar ratio of 7:1, (dibenzyl ether:product, respective ly). The product was freed from the impurity by re peated precipitation o f the cyclodextrin derivative from small volums of m ethanol, followed by the removal of traces o f m ethanol from the precipitat ed material under diminished pressure. The m ate rial thus obtained was passed over a short silica gel column using the same eluent as for TPßCD.
Heptakis(2,6-di-0-propyl)-ß-cyclodextrin (2,6DPrßCD) and heptakis(2,3,6-tri-0-propyl)-ß-cyclodextrin (TPrßCD) were synthesized accord ing to the m ethods described for 2,6 DPßCD and TPßCD, respectively. The crude TPrßCD was pu rified by precipitating it from warm methanol by the addition a few drops o f water.
Thin layer chrom atographic (TLC) examination of the purified products using both ordinary and high perform ance plates (H PTLC plates) showed the presence of only one com pound in each case. The com pounds were subsequently submitted to N M R spectroscopic investigations to establish their structures.
Conformational analysis
First assignments based on one-dimensional 'H N M R (300 M Hz) and proton broad band decou pled 13C N M R (75 M Hz) spectra o f the derivatized CDs were m ade by com paring the current re sults with previous assignments made for 2, 6 DPßCD [7] as well as the assignments for heptakis(2,3,6-tri-0-methyl)-ß-cyclodextrin (TM ß CD) [10] . The A PT pulse sequence was used in o r der to determine carbon multiplicities. Performing both two-dimensional 'H -'H correlated (COSY) and ' H -13C correlated (H ETCO R) experiments these assignments were verified and confirmed. For the assignments of the side-chains selectively proton decoupled !H N M R and l3C N M R spectra were recorded as described previously [7] . The in tegral ratios of the proton resonances and the ab sence of foreign peaks proved the complete derivatization of all 3-OH groups in the respective com pounds.
In the case o f TPrßCD, TPßCD, and 3 Bn 2,6 DPßCD the chemical shifts of the carbon atoms of the sugar moiety are in good agreement with those of TM ßC D (Table I ). The changes in chemical shift for carbons C-2, C-3, and C-6 due to the alkylation o f ßC D parallel those for TM ßCD. The small differences observed are probably m ain ly due to the electronic influence o f the side-chains. A shielding of between 1.3 and 1.9 ppm was observed for C-2, C-3, and C -6 in going from TM/?CD to the long chain peralkylated /?CDs. However, a simple substituent effect cannot ac count for the chemical shift change observed for C-l and C-4 in going from the disubstituted to the completely derivatized /?CDs. An average upfield shift of -3 .9 ppm was observed for C -l com paring 2,6DPr/?CD and 2,6D PßC D to TPrßCD and TP/?CD, respectively. Similarly, an average upfield shift of -5 .5 ppm was observed for C-4. This ob servation could be explained if it is assumed that the loss of the free hydroxyl group at position 3 and the resulting lack of hydrogen bonding be tween the glucopyranosyl residues, i.e. hydrogen bonding between the 3-OH group o f one glucopyr anosyl unit and the closest 0 -2 o f a neighbouring unit, allows a change in conform ation in the com pletely derivatized /?CDs.
Recent investigations have established a de pendency of the chemical shift o f C -l and C-4 of a-glycosidic linked oligosaccharides on the dihed ral angles co and cp (Fig. 3) which describe the con formation of the 1,4-a-glycosidic bond [11, 12] , Using minimum energy conform ation calculations Bock et al. [12] found that a decrease in chemical shift of 2 ppm observed for either C -l or C-4 cor responded to a decrease in co o f > 10°. Associated with this effect is a change in the distance between the corresponding protons H -l and H-4'. A de crease in chemical shift o f 2 ppm observed for C-l or C-4' corresponded to an increase in the H -l-H -4 ' distance o f 16 pm [12] . Due to this con formational change, the wider rim of the cyclodex- trin torus (the "m outh") becomes even larger and the torus becomes somewhat more flattened (Fig. 4) .
Applying the published results obtained by Bock et al. [12] to the upfield shifts observed for C-l and C-4 in going from 2,6DPr/?CD and 2,6DP/?CD to TPrßCD and TP/?CD, a decrease in co of 21° (from -7 to -28°) was calculated. H ow ever, it must be pointed out that N M R param eters obtained in solution, such as 13C N M R chemical shifts, can only yield inform ation about the aver age structural changes because the time scale of the N M R experiment is so slow relative to the confor mational reorientations that only integrated re sponses will be observed. In a first order approach, assuming the ßCD to be a perfectly shaped torus, it was estimated that the inner diameter o f peralky lated ßCDs increases from 650 pm of the parent ßCD [13] to approximately 810 ± 6 0 pm. This value is in good agreement with measurements ob tained from Dreiding models. However, it must be emphasized that this value has to be regarded as an approxim ate measure of the extent to which the wider of the two cyclodextrin rims becomes en larged.
Based on the observation that a change in the distance between H -l and H-4' can be correlated with the observed change in the chemical shifts for C-l and C-4 [12] , one can expect to observe a cor (Table II) .
In all com pounds investigated, the a-methylene protons o f the 0 -6 alkyl side-chains are chemically non-equivalent. This property indicates strongly restricted rotations around their O -C -a bonds. The geminal a-methylene protons of the 0 -6 sidechains are furtherm ore magnetically non-equiva lent as they always give rise to an A B C C system due to coupling with their vicinal protons. Typical coupling constants for 2/ AB, V AC ~ V BC, V AC, and V BC are 9.3, 7.6, 6.7, and 6.1 Hz, respectively. The geminal a-methylene protons of the side-chains on 0 -2 and 0 -3 usually form an A B C 2 system with their vicinal protons, resulting in a doublet of tri plets for each a-methylene proton. In this case, typical coupling constants for 2/ AB, VAC, and V BC are 9.4, 6.8, and 7.0 Hz, respectively. Hence, it can be concluded that in com parison to the 0 -2 and 0 -3 side-chains, the rotation around the C -a -C-ß bond in the 0 -6 side-chain is strongly restricted, placing the side-chains on 0-6 in an environment of high steric hindrance. A possible explanation might be that the alkyl groups on 0-6 are prefera bly orientated with their a -and /?-methylene car bons pointing towards the lipophilic inner side of the cyclodextrin cavity. This conclusion is also supported by the observed vicinal coupling be tween the geminal sugar protons H-6 a and H -6 b, and H-5 (Table III) . Using the Karplus-equation:
H -l H-2 H-3 H-4 H-5 H -6 a H -6 b
with A = 8.5 and A = 9.5 for 0° < 6 < 90° and 90° < 6 < 180°, respectively [14, 15] , it can be shown that the conform ation of the substituents along the C -5 -C -6 bond is almost eclipsed (Fig. 5) . As the Karplus-equation in its generalized form sometimes yields unsatisfactory results, the following equation developed specifically for car bohydrates by D urette and H orton [16] is pre ferred to the more generalized equation of Haasnoot et al. [17] and was used in the present study:
with X = ,Z4Gf"-z H), where y n are the electro negativity coefficients of the substituents. Here, the dihedral angle 0 for H -5 -C -5 -C -6 -H -6 b (3/ H5 h 6b = 2-7 Hz) was found to be of the order of 110°. This finding o f a sterically hindered con form ation especially for com pounds TPr/?CD, TP/?CD, and 3Bn2,6DP/?CD is substantiated by (Table III) . F urther more, with increasing number and size of the sub stituents, H-6 b exhibits a downfield shift of about 0.3 ppm (Table II) that can be explained by the deshielding influence of its neighbouring ring oxygen 0 -5 in this more or less eclipsed conform a tion. F urther inform ation about the degree of steric hindrance and therefore about the conform ation of derivatized /?CDs could be obtained from relax ation times (T,
When the condition of spectral narrowing is ful filled [18] it follows that:
In the case of flexible molecules rc can be differ ent for each carbon atom. The product NT, can thus be qualitatively interpreted as an internal m o lecular mobility parameter. If the abovementioned conditions are met in the large cyclodextrin mole cule, it can therefore be concluded from Table IV that C-6 resides in a segment of the molecule which posesses the same low degree of molecular flexibil ity as the glucopyranosyl ring.
Furtherm ore, a gradual decrease in NT,-values of the side chain carbon atoms was observed in going along the side-chain towards 0 -6 (Table V) . Virtually the same effect, ascribed to segmental motion, although less pronounced, could be ob- Table IV. 13C relaxation times3 served for the side-chains on 0 -2 and 0-3. There fore, the alkyl groups on 0 -2 and 0-3 appear to more mobile than the alkyl groups on 0-6. Al though the a-and /?-carbons are still situated in a relatively rigid part of the molecule, the largest sec tion of the pentyl group finds itself in a region of high mobility and little sterical hindrance. Furtherm ore, it is apparent that the size o f the substituents influences the mobility of the gluco pyranosyl residues. Larger substituents give rise to smaller N T r values o f the carbon atoms C-l to C-5, and therefore indicate less mobility of the sugar skeleton (Table IV) .
With the exception o f the methyl carbons where the spin-rotation relaxation mechanism is expect ed to play a role, the relaxation of the other pro- tonated 13C nuclei is expected to be dom inated by dipole-dipole interactions with the bonded hydro gens. Thus, T, (observed) = T 1(DD) and the heteronuclear NOE factor rjc, is expected to reach its maximum value of 1.988, that is, if the cyclodextrin molecules undergo rotational reorientation that falls within the region of extreme spectral n ar rowing. Only under these conditions equation (3) will be valid [19] .
In order to determine whether the /?CDs meet this condition and thus to establish to what extent equation (3) is valid, the NOE factors and their corresponding T,-values were obtained at different tem peratures for TP/?CD (Table VI) . Tj-values ob tained at 20 M Hz as well as T2-values obtained at 75 M Hz (33 °C) are also included in Table VI .
As a very rough guide T,-values reach a m ini mum and heteronuclear NOE factors approach the value o f 0.1 [ 2 0 ] when t c = l/ e o 0 seconds/radi an. This point occurs (in water at least) when rc (in picoseconds) is equal to the m olecular weight [21] . Thus at 75 MHz this point will be reached for car bon Tj-values when the molecular mass is equal to about 2100 Da. TP/?CD (2608 Da) is thus expected to be falling outside of or close to the edge of the region of extreme line narrowing.
However, from Table VI it is apparent that NOE factors equal to about 50% of the maximum value possible were observed at 33 °C for the ring carbons as well as C-6, while NOE factors of be tween 70% and 80% o f the maximum attainable were observed for the side chain carbons. This re sult places TP/?CD on the extreme line narrowing side o f the T,-minimum. If this conclusion were correct, any change that shortens r c such as raising the tem perature from 33 °C to 50 °C, should result in a lengthening of TjS and an increase in the NOE factors. An increase in T, of about 6% was indeed observed for the ring carbons (except C-5) and C-6 while the increment for the side chain carbons varied from about 20% to 40%. Similarly the side chain N O E factors increased and reached values at 50 °C in excess of 80% o f the maximum attainable. However, the smaller NOE factors obtained for the ring carbons and C -6 at 50 °C indicate that these carbons still lie closer to the edge of the line narrowing region than the side chain carbons.
The conclusion that TP/?CD indeed lies on the extreme line narrowing side of the Tj-minimum is further substantiated by the observation that the T2-values obtained at 33 °C are only marginally shorter than the corresponding TjS. On the wrong side o f the T,-minimum a more pronounced differ ence between Tj and T 2 would be expected [20] .
At lower field strengths the T,-minimum does not only correspond to longer correlation times [22] , but is also lower (shorter). The Tj-values ob served for the ring carbons at 20 M Hz were about The assumption that the condition o f extreme spectral narrowing is fulfilled, is virtually fully valid at 50 °C for the side chain carbons of TP/?CD. Although this condition is not fully met for C-6 and the ring carbons, the NT,-values for these carbons are quite similar (within experimen tal error) even at 33 °C where the larger variations are expected. It is therefore concluded that equa tion (3) is still valid and applicable even in the case of the bulky TP/?CD.
N O E bc T ,c T,c N O E bc T ,c
First experiments with glass capillary columns coated with solutions of the described ßC D deriva tives in OV-1701-OH as described by Nowotny et al. [1] and Aichholz et al. [23] are also in good agreement with recently published observations [13] . The observation of smaller separation factors (Table VII) obtained for propylated and pentylated /?CDs compared to the methylated /?CD are most probably caused by two effects. First, the in trusion of the cyclodextrin cavity by the substrate is hindered by the bulkiness o f the alkyl groups on 0 -2 and 0 -3 , and second, the induced fit o f the cy clodextrin is hampered by the reduced mobility of the sugar skeleton. 
Conclusions
The results of these investigations indicate that complete derivatisation of ßC D leads to a confor m ational change o f the cyclodextrin torus. Due to a lack o f hydrogen bonding the torus of peralky lated ßCDs appears to become more flattened and the diam eter o f its wider opening enlarged. Hence, it is conceivable that chiral recognition in /?CD de rivatives is based at least on partial form ation of inclusion complexes whereby the substrate enters the ßC D cavity from its wider opening, i.e. the "m outh" of the ßC D torus. Best separation factors were obtained using TM/?CD, the ßCD derivative possessing the highest internal mobility, as a sta tionary phase. Although the assumption that the condition o f extreme spectral narrowing had been fulfilled, was not fully met by the ring carbons and C-6, it was concluded that the NT,-values were still valid even in the case of the bulky TP/?CD. N T r values could thus be used to predict the effi ciency and usefulness of a given cyclodextrin deriv ative as an enantioselective stationary phase.
Experimental
General
All solvents were distilled and stored over m o lecular sieves. F or thin layer chrom atography (TLC) TLC-plates from Macherey-Nagel (Poly gram Sil, 0.25 mm silica gel) and HPTLC-plates from M erck (0.2 mm, Silica gel 60) were used, and were kept in an oven at 120 °C prior to use. C hro m atogram m es were stained by spraying with a so lution of 0.5 g thymol in a mixture o f 5 ml of H 2S 0 4 and 95 ml o f ethanol and placing in an oven for 15 min at 120 °C. Melting points were meas ured with a Gallenkam p melting-point apparatus and are not corrected. /^-Cyclodextrin was pur chased from Fluka. Liquid column chrom atogra phy was perform ed on silica gel (Merck, Silica gel 60, 6 3 -2 0 0 //m).
Heptakis (2,3,6-tri-O-methyl) -ß-cyclodextrin (T M ßC D )
This com pound was prepared according to liter ature [24] except for the following modifications. /^-Cyclodextrin (1.76 mmol = 2 g) was dissolved in a m ixture o f 75 ml o f dry DMSO and 25 ml of dry dioxane in order to prevent the solidifying of the reaction m ixture on the glas wall while cooling the reaction in an ice bath prior to the addition of freshly distilled iodom ethane. After removal of the ice bath, the reaction mixture was stirred at room tem perature for an additional 3 h. The reaction mixture was poured into ice water which was ex tracted three times with CHC13. The combined or ganic layers were washed three times with water and then dried over N a2S 0 4. Evaporation o f the solvent and additional drying at oil pum p vacuum yielded 2.61 g of a foamy solid material that was almost pure (TLC). This m aterial was recrystal lized from cyclohexane to give a white crystalline product which was kept for 48 h at high vacuum at 80 °C [25] Heptakis ( 2 ,6- 
/?-Cyclodextrin (1.32 mmol = 1.5 g) was dis solved in a mixture of 21 ml of dry dioxane and 21 ml of dry DMSO at an oilbath tem perature of 50 °C. This solution was stirred and 41.6 mmol (= 1.7 g) o f freshly powdered N aO H and 41.6 mmol (= 4.4 ml) o f 1-bromopentane were added. After 1 h, a further 1.7 g NaOH and 4.4 ml o f 1-bromopentane were added. After a total reaction time of 12 h the mixture was poured into 300 ml o f ice cold water, and the resulting mixture was extracted three times with ether. The combined organic lay ers were washed three times with water and then dried over N a2S 0 4. Evaporation of the solvent and additional drying at oil pum p vacuum, yielded 2.57 g o f a pale yellowish viscous oil which consist ed to more than 90% of the desired product (TLC). This oil was recrystallized from m ethanol to give white waxy crystals. Heptakis ( 2,6- ( 2, 6 DPrßCD) 2,6DPr/?CD was synthesized in the same m an ner as described for 2,6DP/?CD, using a total vol ume o f 7.78 ml of 1-bromopropane for derivatization. Recrystallization of the isolated 2 g of foamy solid material from m ethanol gave white needles. 
H eptakis( 2,3,6-tri-O-propyl) -ß-cy clo dextrin (TPrßC D )
The preparation of TPr/?CD was carried out in an analogous way as the preparation of TP/?CD using a total volume of 1ml of 1-bromopropane. 
Heptakis( 3-0-benzyl-2,6-di-O-pentyl) -ß-cy clodextrin (3 Bn 2,6 DPßCD)
This derivative was prepared according to a m ethod analogous to that used for the preparation o f TP/?CD, using a total volume of 1.5 ml of ben zyl bromide for derivatization. After a total reac tion time o f 6 d, inorganic salts were centrifuged off. The pale yellow solution was collected and stirred for 15 min at 40 °C after adding 5 ml of M eOH. Volatile compounds were evaporated at 65 °C at oil pum p vacuum. In order to remove by products like dibenzyl ether, the crude oil was re peatedly dissolved in small volumes of hot m eth anol allowed to cool to room tem perature and then kept at 4 °C. After precipitation of the oily m aterial, the m ethanol layer was removed using a syringe. For further purification the crude product was passed over a silica gel column using n-hexane/ter/-butyl methyl ether (4:1, v/v) as eluent. The combined fractions yielded 150 mg (46%) of a viscous oil. 
Glass capillary columns
A mixture of the respective cyclodextrin deriva tives in 33 mg of OV-1701-OH was prepared in which the concentration o f the cyclodextrin deriv ative was 0.07 m. This mixture was dissolved in 2.5 ml o f dichlormethane and was then diluted with 7.5 ml of «-pentane, resulting in a final cy clodextrin derivative concentration of 0.23 mM.
Glass capillary columns (25 m x 0.3 mm) were coated with this final mixture by the static method to produce a film o f 0.25 pm thickness. For condi tioning the columns were m ounted in a gas chro m atograph and program m ed at a rate o f 4°/min to an end tem perature o f 230 °C with H 2 as carrier gas. This tem perature was held for 4 h.
N M R spectroscopy
N M R spectra were recorded on a Varian VXR 300 spectrometer operating at 299.905 MHz for 'H and 75.42 M H z for 13C using the switchable ('H /b ro ad band) probe. Low power (1W) W ALTZ decoupling was used to aquire !H decou pled 13C spectra. T t-values were recorded by means of the inversion-recovery sequence [26] . A concentration o f 70 mg in 0.7 ml CDC13 was used for all samples and measurements. T2-values were obtained using the Carr-Purcell, Meiboom-Gill m ethod [27] . G ated decoupling and a pulse delay o f 3 T, (maximum) was used for the NO E experi ments. N O E factors were calculated by comparing signal amplitudes instead of signal integrals. Two-dimensional 'H -'H correlation spectra (COSY) were obtained using the pulse sequence D 1 -9 0°-( t , + D 3 )-4 5°-A Q [28] where t, is the incremented delay (256 increments of 0.606 ms each were typically used).
Two-dimensional ' H -13C correlation spectra (H ETCO R) were obtained using the H ETCOR pulse sequence described by Wilde and Bolton [29] .
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